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Introduction {#sec001}
============

Bacterial type III secretion systems (T3SSs) are molecular machines also termed injectisomes that translocate proteins of bacterial origin (i.e. effectors) into host cells. T3SSs are essential virulence factors of numerous human, animal and plant pathogens including *Chlamydia*, *Pseudomonas*, EPEC and EHEC, *Salmonella*, *Shigella* and *Yersinia* \[[@ppat.1007527.ref001], [@ppat.1007527.ref002]\]. Based on sequence identity among structural components nine T3SS families were classified \[[@ppat.1007527.ref003]\]. Whereas the assembly process, structure and function of the T3SSs are highly conserved, the biochemical activities of the translocated effectors often are multifaceted and reflect the infection strategies of the individual pathogens \[[@ppat.1007527.ref004]\]. Because of their uniqueness in bacteria on one hand and central role for bacterial pathogenicity on the other hand T3SSs have been considered as targets for novel antiinfective strategies \[[@ppat.1007527.ref005]--[@ppat.1007527.ref008]\]. In addition, the ability of T3SSs to inject immunogenic proteins into immune cells has been exploited for experimental vaccination strategies \[[@ppat.1007527.ref009]\].

Based on topology and function injectisomes can be separated into different parts: i) the sorting platform on the cytoplasmic side of the injectisome is a protein assembly thought to control targeting and secretion of the T3SS substrates \[[@ppat.1007527.ref010]\]; ii) the basal body including the export apparatus spans the inner and outer bacterial membranes \[[@ppat.1007527.ref011]\]; iii) the 30--70 nm long needle filament is built by a single multimerized protein and together with the basal body forms the needle complex; iv) the tip complex consists of a hydrophilic protein that caps the needle filament, mediates binding of the translocators to the needle tip and regulates formation of the translocon; v) the translocon consists of two hydrophobic translocator proteins that upon host cell contact form a pore in the host cell membrane serving as a regulated entry gate for the bacterial effectors \[[@ppat.1007527.ref001], [@ppat.1007527.ref002], [@ppat.1007527.ref007], [@ppat.1007527.ref012]--[@ppat.1007527.ref015]\].

The assembly process of the injectisome starts with formation of the basal body whose components are exported by the bacterial Sec system and is followed by export of the needle proteins as early T3SS substrates. The tube-like needle then allows passage of the tip complex and translocon proteins, which are intermediate substrates. Bacterial effector proteins, representing the late T3SS substrates, are thought to be translocated into host cells through a conduit formed by needle complex and translocon.

Although electron microscopy, crystallography and biophysical techniques have provided a high resolution picture of the assembly and architecture of needle complex and sorting platform \[[@ppat.1007527.ref001], [@ppat.1007527.ref005], [@ppat.1007527.ref016], [@ppat.1007527.ref017]\], major properties of the translocon such as its composition, exact localization---i.e. attached to or separated from the needle tip---or regulation have long remained elusive or controversial \[[@ppat.1007527.ref018]\]. A recent cryo electron tomography study clearly indicates that the *Salmonella* translocon is connected to the injectisome needle and in parallel embedded in the host cell membrane whereby it protrudes towards the host cell cytoplasm. In this study the *Salmonella* translocon has a diameter of \~13.5 nm and a thickness of 8 nm. The part of the translocon protruding into the target cell creates an indentation which may contain the inner opening through which the effectors enter the cell \[[@ppat.1007527.ref019]\].

All investigated T3SSs express two hydrophobic translocators, a major translocator harboring two and a minor translocator harboring one transmembrane domain \[[@ppat.1007527.ref014], [@ppat.1007527.ref020]\]. The translocators are inserted into the host cell membrane where they form a heteromultimeric pore complex \[[@ppat.1007527.ref021]--[@ppat.1007527.ref023]\]. Numerous studies suggested that both translocators are required for a functional pore complex \[[@ppat.1007527.ref014], [@ppat.1007527.ref020]\]. Although the inner opening of the pore complex could so far not be visualized in situ, the pore opening was estimated by in vitro reconstitution, osmoprotection and dextran release assays to have an approximate diameter of 2--4 nm \[[@ppat.1007527.ref020]--[@ppat.1007527.ref022], [@ppat.1007527.ref024]--[@ppat.1007527.ref028]\]. Reconstitution in liposomes suggested that the *P*. *aeruginosa* translocators PopB and PopD, which are highly homologous to *Yersinia* YopB and YopD, form a hexadecameric 8:8 complex \[[@ppat.1007527.ref029]\]. A pore complex transferred by *Y*. *enterocolitica* into erythrocyte membranes displayed a molecular weight of 500--700 kDa \[[@ppat.1007527.ref023]\]. Of note, considering the approximate molecular weights of 44 kDa for YopB and 34 kDa for YopD, an 8:8 complex of YopB and YopD would have an expected molecular weight of around 624 kDa.

A previous report challenged the paradigm that effector translocation by *Yersinia pseudotuberculosis* proceeds through a continuous conduit from the bacterium directly into the target cell. Rather, it was proposed that isolated effectors located on the surface of the bacteria can translocate into target cells with the help of a separate and even an unrelated *Salmonella* T3SS \[[@ppat.1007527.ref018]\].

It has become clear that effector translocation as well as isolated pore activities of T3SSs, such as disruption of cells and increased permeability of cell membranes, are regulated by diverse host factors including actin, Rho proteins, cholesterol, sphingolipids, coatomers, clathrin and exocyst \[[@ppat.1007527.ref030]--[@ppat.1007527.ref033]\]. In *Yersinia*, filamentous (f)-actin disruption and Rho GTPase inhibitors block translocation of effector Yops and YopB/D pore activity, whereas activation of Rho GTPases enhances effector Yop translocation \[[@ppat.1007527.ref034]--[@ppat.1007527.ref038]\]. In addition, in a feedback mechanism pathogenic yersiniae can control T3SS function through their own effectors, i.e. by modulating Rho protein activity in host cells \[[@ppat.1007527.ref030]\].

In this work we performed high resolution fluorescence and immunogold electron microscopy to visualize translocons of *Y*. *enterocolitica* during host cell infection. Thereby we deciphered that translocons are connected to the remaining T3SS, that their overall number is changed dependent on the level of effector translocation and that they are formed in a specific host cell compartment.

Results {#sec002}
=======

*Yersinia* translocators YopB and YopD localize on the bacterial cell surface after secretion by the T3SS {#sec003}
---------------------------------------------------------------------------------------------------------

During infection with pathogenic yersiniae the translocators YopB and YopD are inserted into host cell membranes where they form the translocon \[[@ppat.1007527.ref021]--[@ppat.1007527.ref023]\]. To visualize the *Yersinia* translocators YopB and YopD we produced specific rabbit and rat polyclonal antibodies ([S1A, S1B and S1F Fig](#ppat.1007527.s001){ref-type="supplementary-material"} for antibody specificity). In lysates of *Y*. *enterocolitica* WA-314 (wild type; [Table 1](#ppat.1007527.t001){ref-type="table"}) grown at 27°C, YopB and YopD could not be detected by immunoblot.
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###### *Y*. *enterocolitica* strains.

![](ppat.1007527.t001){#ppat.1007527.t001g}

  Strain             Relevant characteristic                                                                                                                                                                            Source/References
  ------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------
  **WA-314**         Wild-type strain carrying virulence plasmid pYV; serogroup O8; kanamycin resistance cassette in non-coding region of pYV-O8                                                                        \[[@ppat.1007527.ref039], [@ppat.1007527.ref040]\]
  **WA-C**           pYV-cured derivative of WA-314                                                                                                                                                                     \[[@ppat.1007527.ref039]\]
  **WA-314ΔYopE**    WA-C harboring pYVΔ*yopE*; Kan^R^                                                                                                                                                                  \[[@ppat.1007527.ref041]\]
  **WA-314ΔYopD**    WA-C harboring pYVΔ*yopD*; Kan^R^                                                                                                                                                                  this work
  **WA-314ΔYopB**    WA-C harboring pYVΔ*yopB*; Kan^R^                                                                                                                                                                  this work
  **E40 GFP-YscD**   E40 pAD4306; serogroup O9; pYVe40 (*yopO*~*Δ2--427*~ *yopE*~*21*~ *yopH*~*Δ1--352*~ *yopM*~*23*~ *yopP*~*23*~ *yopT*~*135*~ *egfp-yscD*); *asd*~Δ292--610~ (auxotrophic for diaminopimelic acid)   \[[@ppat.1007527.ref010]\]
  **E40ΔLcrV**       E40; serogroup O9; pYVe40Δ*lcrV*                                                                                                                                                                   this work

However, YopB and YopD proteins became detectable in bacteria grown at 37°C in high Ca^2+^ medium (non-secretion condition) and their levels further increased in bacteria grown in low Ca^2+^ medium (secretion condition; [Fig 1A](#ppat.1007527.g001){ref-type="fig"}). It is well accepted that expression of the *Yersinia* T3SS genes is switched on at 37°C and further enhanced by depletion of Ca^2+^ from the growth medium. The latter phenomenon is associated with a massive secretion of intermediate and late T3SS substrates and has been named the low Ca^2+^ response \[[@ppat.1007527.ref042]--[@ppat.1007527.ref044]\]. YopB and YopD were immunofluorescence-stained in *Yersinia* wild type at secretion condition using a procedure that does not permeabilize the bacterial inner and outer membranes ([Material and methods](#sec008){ref-type="sec"}) \[[@ppat.1007527.ref045], [@ppat.1007527.ref046]\]. By confocal microscopy intense YopB and YopD fluorescence signals were seen along the bacterial circumference in essentially 100% of the bacteria ([Fig 1B and 1C](#ppat.1007527.g001){ref-type="fig"} and [S1C and S1D Fig](#ppat.1007527.s001){ref-type="supplementary-material"}). In comparison, essentially no YopB/YopD immunofluorescence signals were found in bacteria at non-secretion condition and in bacteria at secretion condition which were treated with proteinase K (PK) before staining ([Fig 1B and 1C](#ppat.1007527.g001){ref-type="fig"} and [S1C and S1D Fig](#ppat.1007527.s001){ref-type="supplementary-material"}). When cells were permeabilized with 2% sodium dodecyl sulfate (SDS) before immunostaining, essentially all bacteria at non-secretion and secretion conditions displayed YopB and YopD signals ([Fig 1B and 1C](#ppat.1007527.g001){ref-type="fig"} and [S1E Fig](#ppat.1007527.s001){ref-type="supplementary-material"}). In this case the YopB/YopD signals filled the whole bacterial cell rather than just the cell periphery, indicating that also intrabacterial pools of the proteins were stained. Accordingly, treatment with proteinase K before permeabilization and staining of the bacteria did not alter the intracellular YopB/D signal ([Fig 1B](#ppat.1007527.g001){ref-type="fig"} and [S1E Fig](#ppat.1007527.s001){ref-type="supplementary-material"}). Total YopB signals were considerably higher in bacteria at secretion than at non-secretion condition, consistent with the immunoblot data ([Fig 1A and 1B](#ppat.1007527.g001){ref-type="fig"}; [S1E Fig](#ppat.1007527.s001){ref-type="supplementary-material"}).

![Translocators YopB and YopD decorate the *Yersinia* cell surface after secretion by the T3SS.\
**(A) Analysis of YopB- and YopD expression**. Lysates of *Yersinia* WA-314 (wild type) grown at 27°C, at 37°C (high Ca^2+^/non-secretion) or at 37°C in Ca^2+^ depleted medium (low Ca^2+^/secretion) were subjected to SDS-PAGE and analyzed by Western blot for expression of YopB, YopD or PepC, as loading control. **(B) and (C) Immunofluorescence staining of YopB in bacterial cells under secretion and non-secretion and cell permeabilizing and non-permeabilizing conditions**. Confocal immunofluorescence and corresponding differential interference contrast (DIC) images of *Yersinia* WA-314 subjected to indicated conditions. Diagrams depict fluorescence intensity profiles (arbitrary units, a.u.) along the arrows in the images. Scale bars: 1 μm. **(C)** Quantitative analysis of YopB positive bacteria. Bars represent mean ± S.D. of n = 260--800 bacteria from 2--3 independent experiments. **(D) Confocal vs. STED imaging of YopB and YopD**. Representative confocal and STED images (2D- or 3D-STED as indicated) and 3D reconstructions of surface localized YopB and YopD in wild type *Yersinia* at secretion condition. Merge of YopB (green) and YopD (red) staining and superimposition of YopB and YopD fluorescence intensity profiles along the arrow on the bacterial surface. yz projection at the level of the dashed line. Scale bars: 1 μm.](ppat.1007527.g001){#ppat.1007527.g001}

To visualize YopB and YopD on the bacterial surface with higher spatial resolution, we employed stimulated emission depletion (STED) microscopy \[[@ppat.1007527.ref047]\]. STED microscopy increases resolution of fluorescence signals to approximately 30--80 nm under the condition used (lateral resolution at 100% 2-D STED). The YopB and YopD fluorescence signals recorded with STED microscopy appeared sharper and confined to a narrow band encompassing the bacterial periphery when compared to the signals obtained with confocal microscopy ([Fig 1D](#ppat.1007527.g001){ref-type="fig"}). Co-immunostaining revealed a considerable but not complete colocalization of YopB and YopD on the bacterial surface as demonstrated by merge of YopB and YopD 3D-STED images (single planes; resolution: lateral 80--90 nm and axial approximately 100 nm) and by superimposed intensity plots of the YopB and YopD signals on the bacterial surface ([Fig 1D](#ppat.1007527.g001){ref-type="fig"}). 3D reconstructions of YopB- and YopD z-stacks revealed that the bacterial surface is widely covered with both of these translocators, which inadvertently will lead to colocalization between these proteins ([Fig 1D](#ppat.1007527.g001){ref-type="fig"}). We also tested the appearance of YopD in a *yopB* mutant strain, YopB in a *yopD* mutant strain as well as YopB in a *lcrV* (tip complex) mutant strain ([S1G Fig](#ppat.1007527.s001){ref-type="supplementary-material"}). In all of these cases the rather widespread translocator coating on the bacterial surface looked similar. This data suggests that under secretion condition the translocators on the *Yersinia* surface are likely not associated with injectisomes.

We conclude that during the low Ca^2+^-response the secreted translocators YopB and YopD localize on the *Yersinia* cell surface but do not display a specific (co)localization pattern when investigated with high resolution fluorescence microscopy.

YopB and YopD associate with injectisomes during cell infection {#sec004}
---------------------------------------------------------------

In order to visualize operational translocons, YopB and YopD were immunostained during *Y*. *enterocolitica* infection of HeLa cells and primary human macrophages. Confocal micrographs revealed that YopB and YopD concentrate in distinct patches in host cell associated wild type bacteria ([Fig 2A](#ppat.1007527.g002){ref-type="fig"} and [S2A Fig](#ppat.1007527.s002){ref-type="supplementary-material"}). This clustered appearance as imaged by confocal microscopy was in clear contrast to the more uniform YopB/YopD distribution in secreting bacteria ([Fig 1B and 1D](#ppat.1007527.g001){ref-type="fig"}). Time course experiments demonstrated that the fraction of wild type bacteria that stained positive for YopB in HeLa cells reached only about 2% at 60 min post infection ([Fig 2B](#ppat.1007527.g002){ref-type="fig"}). By comparison, in human macrophages, which represent more physiological target cells of pathogenic yersiniae \[[@ppat.1007527.ref036], [@ppat.1007527.ref048], [@ppat.1007527.ref049]\], the fraction of YopB positive bacteria amounted to around 25% at 20 min post infection ([Fig 2B](#ppat.1007527.g002){ref-type="fig"}).

![STED imaging of YopB and YopD during *Yersinia* infection of host cells.\
**(A) YopB concentrates in distinct patches on host cell associated bacteria**. HeLa cells (left panel) and primary human macrophages (right panel) were infected with WA-314 at a MOI of 100 for 2 h and a MOI of 10 for 20 min, respectively. Cells were stained with anti-YopB antibody, Alexa568 phalloidin (as overview; red in insets) and DAPI. White outline indicates position of the nucleus (N) and dashed lines indicate host or bacterial cell circumference. Boxed regions in the center of images are depicted as 2.5-fold enlargements at the side. Scale bars: 5 μm (overviews and insets) and 1 μm (enlargements). **(B) The fraction of YopB positive, cell-associated bacteria is dependent on the target cell type**. HeLa cells or primary human macrophages were infected with WA-314 at a MOI of 50 or 10, respectively, for the indicated time points and stained as in (A). Data represent mean ± S.D. of n = 4210 bacteria associated with HeLa cells from 2 experiments or n = 3047 bacteria associated with macrophages from 3 different donors **(C) YopB patches by confocal microscopy can be resolved into distinct spots by STED microscopy**. HeLa cells were infected with WA-314ΔYopE at a MOI of 100 for 60 min and stained for YopB using AbberiorStarRed secondary antibody. Single z-planes of parallel confocal (upper panel) and 2D-STED (lower panel) recordings of two cell-associated bacteria are depicted in overviews. Dashed lines indicate bacterial circumference. Scale bar: 1 μm. Boxed regions in overviews are depicted as 10-fold enlargements on the right. Scale bar: 0.1 μm. The number of distinct YopB signals per bacterium (WA-314YopΔE) was quantified by parallel recordings of z-stacks in confocal and 3D-STED mode. Bars represent mean ± S.D. of n = 27 YopB positive bacteria from two independent experiments; \*p \< 0.0001 **(D) YopB spots are organized in clusters on the bacterial surface**. Myc-Rac1Q61L transfected HeLa cells were infected with WA-314 at a MOI of 50 for 60 min and stained with anti-YopB antibody and Abberior635P secondary antibody. Z-stacks were recorded in 3D-STED mode and YopB spots on individual bacteria were subjected to image analysis ([Methods](#sec008){ref-type="sec"}). Identified clusters (consisting of at least 2 YopB spots) are projected in different colors and angles in a 3D image of a representative bacterium. Xyz-coordinate axes and arrows indicate position and horizontal or vertical rotation of the bacterium (see also [S1 Movie](#ppat.1007527.s007){ref-type="supplementary-material"}). Scale bar: 1 μm **(E) YopB/YopD and YopB/LcrV colocalize in STED images**. WA-314ΔYopE infected HeLa cells were co-immunostained for YopB (secondary antibody AlexaFluor-594) and either YopD (Abberior-StarRed) or LcrV (Abberior-StarRed). All images show representative single planes of z-stacks recorded in 3D-STED mode. Insets represent an xz projection at the level of the dashed line. Representation of colocalizing points was generated using the "Colocalization" plugin in ImageJ. Scale bar: 1 μm **(F)** Merge (yellow) of green (YopD) and red (YopB) fluorescence. Superimposed intensity profiles of YopB and YopD fluorescence along the arrow in merge.](ppat.1007527.g002){#ppat.1007527.g002}

We next investigated the YopB signals in HeLa cells using confocal and STED microscopy in parallel. In strain WA-314ΔYopE ([Table 1](#ppat.1007527.t001){ref-type="table"}), which was well suited for this analysis because it displayed a much higher percentage of YopB positive bacteria than wild type (see below), single patches in the confocal recordings could regularly be resolved into 3 distinct spots with the STED technology ([Fig 2C](#ppat.1007527.g002){ref-type="fig"}). In the mean around 11 YopB positive patches and 33 YopB positive spots were detected per bacterium when investigated with confocal and STED microscopy, respectively ([Fig 2C](#ppat.1007527.g002){ref-type="fig"}). For a more comprehensive evaluation of the organization of the YopB spots on the bacterial surface they were recorded in 3D-STED mode and subjected to image analysis. Spot detection and segmentation as well as cluster analysis revealed that the YopB spots are regularly organized in clusters with on average 2.8 ± 1 spots per cluster. The mean distance between the spots in one cluster was 127 ± 42 nm and the mean distance between individual clusters was 713 ± 121 nm (mean ± S.D., n = 64; [Methods](#sec008){ref-type="sec"}). To visualize the distribution of all identified clusters on a single bacterial cell, superresolution 3D images were prepared in which each segmented cluster is represented by a different color and the bacterium is viewed from different angles ([Fig 2D](#ppat.1007527.g002){ref-type="fig"}, [S2B Fig](#ppat.1007527.s008){ref-type="supplementary-material"} and [S1 Movie](#ppat.1007527.s007){ref-type="supplementary-material"}; [Methods](#sec008){ref-type="sec"}).

We reasoned that if the YopB and YopD spots detected by STED microscopy reflect translocons associated with the injectisome, YopB and YopD should colocalize with each other as well as with the tip complex protein LcrV, which is essential for linking YopB/YopD to the needle tip \[[@ppat.1007527.ref050], [@ppat.1007527.ref051]\]. YopB and YopD showed a complete colocalization in host cell associated bacteria, which was best documented when colocalizing points or intensity plots of YopB and YopD fluorescence on the bacterial surface were determined ([Fig 2E and 2F](#ppat.1007527.g002){ref-type="fig"}). Furthermore, STED images of YopB and LcrV co-immunostaining indicated that essentially all YopB signals are associated with LcrV signals ([Fig 2E](#ppat.1007527.g002){ref-type="fig"}). The LcrV staining was less bright than the YopB staining which may result from the lower number of LcrV molecules per injectisome \[[@ppat.1007527.ref052]--[@ppat.1007527.ref054]\]. Finally, in a *lcrV* mutant ([Table 1](#ppat.1007527.t001){ref-type="table"}) YopB and YopD did essentially not colocalize, confirming the relevance of LcrV for organizing YopB and YopD in translocons ([S2C Fig](#ppat.1007527.s002){ref-type="supplementary-material"}).

To further support the notion that the YopB/YopD fluorescence signals in the cell associated bacteria represent translocons attached to needle tips, we investigated the spatial coupling of YopB/D to the basal body component YscD at high resolution. Considering the published data on *Yersinia* basal body, needle and tip complex length as well recent work in *Salmonella*, the N-terminal domain of YscD---or of its homologues---is located in approximately 100 nm distance from the needle tip ([Fig 3A](#ppat.1007527.g003){ref-type="fig"}) \[[@ppat.1007527.ref011], [@ppat.1007527.ref055]--[@ppat.1007527.ref058]\]. For this experiment HeLa cells were infected with *Y*. *enterocolitica* strain E40 GFP-YscD ([Table 1](#ppat.1007527.t001){ref-type="table"}) \[[@ppat.1007527.ref010]\] expressing a N-terminal EGFP-fusion of YscD and immunostained for YopB or YopD. Because GFP-YscD did not produce a high enough fluorescence signal for STED microscopy, the alternative high resolution microscopy technique structured illumination microscopy (3D-SIM, resolution to \~100 nm in x-y plane) \[[@ppat.1007527.ref059], [@ppat.1007527.ref060]\] was employed to visualize GFP-YscD and YopB/D in parallel. SIM revealed single YopB or YopD dots that could clearly be separated from each other and from neighboring patches of GFP-YscD ([Fig 3B](#ppat.1007527.g003){ref-type="fig"} and [S3A Fig](#ppat.1007527.s003){ref-type="supplementary-material"}). A fluorescence intensity plot of a representative YopB/GFP-YscD pair indicated a distance of 90 nm between the fluorescence maxima ([Fig 3B](#ppat.1007527.g003){ref-type="fig"}). A more comprehensive nearest neighbor analysis indicated distances between the GFP-YscD patches and YopB/D dots of around 110 nm (109 ± 4 nm; n = 424 pairs evaluated; [Methods](#sec008){ref-type="sec"}; [Fig 3C](#ppat.1007527.g003){ref-type="fig"}).

![Spatial coupling of translocators YopB/YopD to basal body component YscD.\
**(A) Schematic representation of the *Yersinia* injectisome**. Positions of YopB/YopD, LcrV, YscF and GFP-YscD and the approximate length of basal body, needle, tip complex and translocon of a virtual injectisome are indicated \[[@ppat.1007527.ref011], [@ppat.1007527.ref019], [@ppat.1007527.ref057], [@ppat.1007527.ref058]\]. Host membrane (HM), outer membrane (OM), inner membrane (IM). **(B) SIM separates YopB dots from near neighboring patches of GFP-YscD**. HeLa cells were infected with *Y*. *enterocolitica* E40 GFP-YscD, stained with anti-YopB antibody and z-stacks of YopB positive bacteria were recorded with SIM. A 3D reconstruction of a representative bacterium is depicted (see also [S2 Movie](#ppat.1007527.s008){ref-type="supplementary-material"}). Scale bar: 1 μm. Fluorescence intensity profiles along the longitudinal axis (arrow) of a GFP-YscD/YopB pair indicate a distance of 90 nm between fluorescence maxima. **(C) Nearest neighbor distance analysis of YopB/D and GFP-YscD fluorescence signals**. HeLa cells were infected with *Y*. *enterocolitica* E40 GFP-YscD, stained with anti-YopD or anti-YopB antibody and z-stacks of YopB/D positive bacteria were recorded with SIM. Coordinates of clearly discernible individual YopB or YopD and GFP-YscD signals were retrieved from single z-planes using ImageJ plugin TrackMate. Distances of individual YopB or YopD dots to the nearest GFP-YscD patches were analyzed by a nearest neighborhood analysis in Matlab and are depicted as histogram (mean ± S.D. = 109 ± 4 nm; 424 pairs analyzed; [Methods](#sec008){ref-type="sec"}). Corresponding YopB/YscD pairs (red and green) complying with a distance limit of 200 nm were plotted back on the original fluorescence images (white dots in GFP-YscD/YopB images) for illustration. Scale bar: 1 μm. **(D)** Double immunostaining of YscF and YopB in E40 GFP-YscD infected HeLa cells followed by SIM reveals conjugated fluorescence triplets displaying basal body (green), needle (white) and translocon (red). Dashed line indicates bacterial circumference. Scale bars: 100 nm. **(E) Enrichment of YopD within the injectisome range**. HeLa cells expressing myc-Rac1Q61L were infected with *Y*. *enterocolitica* E40 GFP-YscD and subjected to ultrathin sectioning and immunogold staining of GFP-YscD (10 nm particles) or YopD (10 nm particles). Transmission electron microscopy (TEM) images were compartmentalized into bacterial cytoplasm (yellow), periplasm and bacterial inner and outer membranes (grey), injectisome range (green, 90 nm from bacterial outer membrane) and adjacent host cell (grey). Images of representative YopD and GFP-YscD immunogold stainings are depicted. Scale bars: 100 nm. Relative labelling indices of YopD were determined for the injectisome range and the adjacent HeLa cells (n = 80 golds evaluated). Relative labelling indices of GFP-YscD were calculated for bacterial cytoplasm, bacterial inner and outer membranes (periplasm) and the host cell (n = 580 golds evaluated). \*p \< 0.00001 different from expected distribution ([S1A--S1C Table](#ppat.1007527.s006){ref-type="supplementary-material"}, analysis according to \[[@ppat.1007527.ref081]\]) **(F) Double immunogold staining of YopD and GFP-YscD**. Experimental conditions for HeLa cell infection as in (E). Double immunogold staining of GFP-YscD (15 nm particles) and YopD (10 nm particles). TEM images show exemplary membrane engulfed bacteria with a GFP-YscD/YopD configuration (≤ 140 nm apart; [Methods](#sec008){ref-type="sec"}) indicative of a translocon containing/fully assembled injectisome. Scale bars: 100 nm.](ppat.1007527.g003){#ppat.1007527.g003}

Having successfully resolved fluorescence signals from translocon and basal body proteins that are located in distant parts of the same injectisomes, we next co-immunostained the needle protein YscF with YopB in strain E40 GFP-YscD. YscF forms the needle that connects translocon and basal body in injectisomes ([Fig 3A](#ppat.1007527.g003){ref-type="fig"}). SIM revealed tripartite complexes made up of YopB, GFP-YscD and YscF, whereby the fluorescence signal for YscF was sandwiched between the YopB and YscD signals ([Fig 3D](#ppat.1007527.g003){ref-type="fig"}). Thus, by high resolution SIM we were able to resolve three proteins located in different parts of *Yersinia* injectisomes.

We next aimed to visualize YopD and GFP-YscD embedded in their native bacterial and host cellular environment. Transmission electron microscopy (TEM) of ultrathin sections combined with immunolabelling allows high resolution localization of proteins within their cellular context \[[@ppat.1007527.ref061], [@ppat.1007527.ref062]\]. Electron-dense protein-A/gold particles of different sizes (usually 5--15 nm) additionally permit to localize different proteins in the same sections \[[@ppat.1007527.ref063]\]. We infected Rac1Q61L expressing HeLa cells, in which the expression of *Yersinia* injectisomes is strongly enhanced (see below), with strain E40 GFP-YscD and immunolabelled YopD or GFP-YscD with 10 nm gold particles. The labelling density of the 10 nm gold particles marking YopD was much higher in the bacterial cell (cytoplasm, periplasm and inner and outer bacterial membranes; relative labelling index (RLI): 2.73) than in the extrabacterial area (RLI: 0.42) (252 gold particles evaluated in 36 sections on 2 grids; [Fig 3E](#ppat.1007527.g003){ref-type="fig"} and [S1A Table](#ppat.1007527.s006){ref-type="supplementary-material"}). Thus, the observed distribution of the 10 nm gold particles reflects the expected YopD localization in section staining, which includes the injectisome and the intrabacterial pools ([S1C and S1E Fig](#ppat.1007527.s001){ref-type="supplementary-material"}). We next aimed to assess if the extrabacterially located 10 nm gold particles could represent YopD in translocons at the tip of injectisome needles. We assumed that in this case the gold particles should be located within a range of 90 nm from the bacterial outer membrane which we defined as injectisome range, reflecting the cumulative dimensions of the injectisome needle (\~60 nm), tip complex (\~8 nm) and antibody/protein A complex used for immunogold staining (\~20 nm; [Fig 3E](#ppat.1007527.g003){ref-type="fig"}). Distances less than 90 nm may occur depending on the geometry and spatial orientation of the type III secretion machines in the 2D analysis.

YopD labelling within the injectisome range was significantly enriched (RLI: 2.16) compared to the remaining host cell area (RLI: 0.79) (80 gold particles evaluated in 36 sections on 2 grids; [Fig 3E](#ppat.1007527.g003){ref-type="fig"} and [S1B Table](#ppat.1007527.s006){ref-type="supplementary-material"}) suggesting that it represents translocons associated with injectisomes.

The labelling density of the 10 nm gold particles marking GFP-YscD was highest in the area between the bacterial inner and outer membranes (RLI: 4.44) followed by the bacterial cytoplasm (RLI: 2.38) and was only minor in the extrabacterial space (RLI: 0.52) (580 gold particles evaluated in 41 sections on 2 grids; [Fig 3E](#ppat.1007527.g003){ref-type="fig"} and [S1C Table](#ppat.1007527.s006){ref-type="supplementary-material"}). This distribution reflects the expected localization of GFP-YscD in assembled basal bodies in the inner bacterial membrane and also surprisingly suggests a cytoplasmic GFP-YscD pool. Because YscD is a membrane protein and should be inserted into the bacterial membrane in co-translational manner, we presently cannot explain the nature of the cytoplasmic YscD protein and whether it might be related to the fact that we used GFP-fused YscD. We finally employed co-immunogold staining to detect GFP-YscD (15 nm gold particles) and YopD (10 nm gold particles) within the same injectisomes. Considering the dimensions of the injectisome (length of \~100 nm; [Fig 3A](#ppat.1007527.g003){ref-type="fig"}) and the two antibody/protein A complexes (length of 2 x 20 nm = 40 nm), we assumed that 10 nm gold particles (YopD label) that lie extrabacterially and in an at most \~140 nm distance from 15 nm gold particles (YscD label), that themselves are located between the bacterial inner and outer membranes, belong to the same fully assembled injectisome. Consistent with this notion we repeatedly identified configurations of 10 nm and 15 nm gold particles fulfilling these premises (58 sections on 3 grids evaluated; [Fig 3F](#ppat.1007527.g003){ref-type="fig"}). Thus, the observed distributions of the 10 nm and 15 nm gold particles in bacteria surrounded by host cells reflect the expected locations of YopD and GFP-YscD at the tip and basal body, respectively, of injectisomes.

In summary, we conclude that the *Yersinia* translocons can be visualized in fully assembled injectisomes by superresolution fluorescence microscopy (SIM and STED) and immunogold TEM techniques, the latter method also suggesting that translocons are located in a specific cellular compartment.

Rac1 activity and host cell type regulate *Yersinia* translocon formation {#sec005}
-------------------------------------------------------------------------

The visualization of operable translocons in host cells prompted us to test how translocon number or distribution correlates with the level of effector translocation. To enhance Yop effector translocation into HeLa cells, cells were infected with the YopE-deficient strain WA-314ΔYopE or cells expressing the constitutively active Rho GTP-binding protein Rac1Q61L were infected with wild type *Yersinia*. Under these conditions Yop-translocation rates increase 5-10-fold \[[@ppat.1007527.ref038]\] which is a consequence of the elevated Rac activity in the host cells \[[@ppat.1007527.ref038], [@ppat.1007527.ref064], [@ppat.1007527.ref065]\]. In the case of WA-314ΔYopE the elevated Rac activity is caused by the diminished Rac inhibition that is normally imposed by the Rho GTPase-activating protein YopE \[[@ppat.1007527.ref066], [@ppat.1007527.ref067]\]. Notably, the fraction of YopB positive bacteria increased from around 2% in wild type infected cells to 30% in WA-314ΔYopE infected cells and also reached around 30% in the Rac1Q61L expressing and wild type infected cells at 60 min post infection ([Fig 4A](#ppat.1007527.g004){ref-type="fig"}).

![Rac1 activity and host cell type regulate translocon formation.\
**(A) Lack of Rac1 inhibitor YopE and Rac1Q61L overexpression enhance translocon formation**. Native HeLa cells were infected with WA-314 or WA-314ΔYopE and myc-Rac1Q61L overexpressing HeLa cells were infected with WA-314 at a MOI of 50 for 60 min. Cells were stained for YopB, myc and DAPI as indicated. Dashed lines indicate host cell circumference. Insets show strongly increased contrast settings to visualize the host cell bodies. Scale bars: 5 μm. The percentage of YopB positive bacteria of total cell associated bacteria was determined. Bars represent mean ± S.D. n = 6505 WA-314 and n = 5640 WA-314ΔYopE bacteria were investigated in 4 independent experiments (upper graph); n = 3423 bacteria (WA-314) associated to control transfected cells and n = 7882 bacteria associated to myc-Rac1Q61L transfected cells were investigated in 3 independent experiments (lower graph). **(B) Digitonin extraction reveals increased incorporation of YopB and YopD into host cell membranes upon Rac1Q61L overexpression or lack of Rac1 inhibitor YopE**. Experimental conditions as in (A) but with a MOI of 100. HeLa cells were lyzed with digitonin and resulting supernatants (containing membrane integrated and soluble Yops from host cells) and cell pellets (containing intact bacteria and digitonin insoluble cell components) were analyzed with Western blot for the indicated proteins. YopH serves as marker for effector translocation, myc indicates myc-Rac1QL61 expression, calnexin serves as host cell loading control and HSP60 serves as bacterial loading and lysis control. Data are representative of 3 independent experiments. **(C) Quantification of YopB spots per bacterium using STED microscopy**. HeLa cells and human primary macrophages (Mφ) were infected with WA-314 or WA-314ΔYopE. Cells were immunostained with anti-YopB antibody followed by AbberiorStarRed or Abberior635P secondary antibody and recorded by STED microscopy. The number of YopB spots per bacterium was analyzed using Imaris software ([Methods](#sec008){ref-type="sec"}). Bars represent mean ± S.D. of n = 20 WA-314 (HeLa), n = 27 WA-314ΔYopE (HeLa), n = 52 WA-314 (Mφ) and n = 7 WA-314ΔYopE (Mφ) bacteria investigated in 2--3 independent experiments. \*p \< 0.05 **(D) YopB positive WA-314 and WA-314ΔYopE in macrophages at different infection times**. Primary human macrophages were infected with WA-314 or WA-314ΔYopE at a MOI of 10 for the indicated time periods. The percentage of YopB positive bacteria of total cell associated bacteria was calculated. Data represent mean ± S.D. of n = 3047 WA-314 and n = 1822 WA-314ΔYopE in 2--3 independent experiments.](ppat.1007527.g004){#ppat.1007527.g004}

As an alternative method to detect host membrane inserted translocons we employed a digitonin-based release assay. Digitonin extracts host cell associated Yops but not intrabacterial Yops and has hitherto been used to assay effector-Yop translocation \[[@ppat.1007527.ref068]\]. Consistent with an increased deposition of translocons in the infected cells, the amounts of YopB and YopD extracted by digitonin were increased in the WA-314ΔYopE infected cells as well as in the wild type infected and Rac1Q61L expressing cells when compared to the respective controls ([Fig 4B](#ppat.1007527.g004){ref-type="fig"}). The extracted amounts of YopB and YopD correlated with the extracted amount of YopH, the latter serving as a measure for effector-Yop translocation ([Fig 4B](#ppat.1007527.g004){ref-type="fig"}). In comparison, the levels of YopB, YopD and HSP60 in the pellet fraction (representing the bacterial protein pool) were similar in all conditions.

Thus, in infected HeLa cells stimulation of Yop translocation is associated with a large increase in the number of bacteria forming translocons which causes enhanced translocon incorporation into cell membranes.

We next tested whether the number of translocons per bacterium, as identified by YopB fluorescence spots in STED images, was also altered under conditions of increased Yop translocation. In strain WA-314ΔYopE the number of translocons per bacterium was nearly twice as high as that in wild type upon infection of HeLa cells ([Fig 4C](#ppat.1007527.g004){ref-type="fig"}). Furthermore, in macrophages wild type bacteria showed a significantly higher number of translocons than in HeLa cells reaching similar values as WA-314ΔYopE in HeLa cells ([Fig 4C](#ppat.1007527.g004){ref-type="fig"}). There was no difference in the number of translocons formed between wild type and WA-314ΔYopE in macrophages ([Fig 4C](#ppat.1007527.g004){ref-type="fig"}) excluding that the WA-314ΔYopE strain intrinsically produces more translocons. Interestingly, in macrophages there was also no difference in the fraction of translocon positive bacteria between wild type and WA-314ΔYopE ([Fig 4D](#ppat.1007527.g004){ref-type="fig"}).

These results indicate that host factors not only regulate the number of bacteria producing translocons and thereby the level of translocons within cell membranes but also can affect the number of translocons/injectisomes per bacterium. They also indicate that macrophages can trigger pathogenic yersiniae much more effectively than HeLa cells to produce translocons. Of note, upon activation of Rac HeLa cells acquire the same potency as macrophages in stimulating translocon formation whereas translocon formation in the already highly effective macrophages appears not to be affected (Figs [2B](#ppat.1007527.g002){ref-type="fig"} and [4D](#ppat.1007527.g004){ref-type="fig"}).

Formation of translocons is triggered in a prevacuole, a PI(4,5)P2 enriched host cell compartment {#sec006}
-------------------------------------------------------------------------------------------------

The TEM images showed translocons in yersiniae enclosed by host cell membranes. This prompted us to test whether formation of translocons is triggered in a specific host cell compartment. Previously it was described that during cell invasion avirulent yersiniae enter a precompartment in which they are accessible to externally administered small proteins or compounds (MW 50 kDa) but not to antibodies (MW around 150 kDa, \[[@ppat.1007527.ref069], [@ppat.1007527.ref070]\]). This compartment was named a prevacuole and shown to be enriched in the phospholipid PI(4,5)P2 \[[@ppat.1007527.ref069]\].

When HeLa cells were infected with biotinylated wild type *Y*. *enterocolitica* for 60 min and bacterial accessibility to externally administered streptavidin (MW 53 kDa) or *Yersinia* specific antibodies was assessed by fluorescence staining, three different staining patterns were found. The bacteria were either accessible to antibodies and streptavidin (denominated outside), inaccessible to antibodies but accessible to streptavidin (intermediary) or inaccessible to both, antibodies and streptavidin (inside; [Fig 5A](#ppat.1007527.g005){ref-type="fig"}). Quantitative analysis showed that about 70% of the YopB positive bacteria were located in the intermediary compartment and around 25% in the inside compartment but only a negligible fraction (less than 5%) was present in the outside localization at 60 min post infection ([Fig 5A](#ppat.1007527.g005){ref-type="fig"}).

![Formation of translocons is triggered in a prevacuole, a PI(4,5)P2 enriched intermediary host cell compartment.\
**(A) YopB positive bacteria reside in an intermediary compartment**. HeLa cells were infected with surface-biotinylated WA-314 at a MOI of 20 for 60 min and were stained with anti-LPS antibody and streptavidin-Cy5 without cell permeabilization. Cells were permeabilized and immunostained with anti-YopB antibody and DAPI. From left to right: 1. Overview of infected HeLa cell with *Yersinia* in different stages of internalization. Inset shows strongly increased contrast settings to visualize the host cell body. 2.--4. Enlargements of a bacterial chain showing YopB staining only in the part of the chain located in the intermediary compartment (red in merge) but not in the outside location (yellow in merge). 5. Enlargement of a YopB positive bacterium (white) in the inside compartment (no red or green). Scale bars: 5 μm (overview) and 2 μm (enlargements). Bar diagram: Distribution of YopB positive bacteria between intermediary, inside and outside compartments. Bars represent mean ± S.D. of n = 95 YopB positive bacteria recorded in 2 independent experiments. **(B) Bacterial passage from the outside into the intermediary and inside compartments of macrophages**. Primary human macrophages of donors 1--4 were infected with biotinylated WA-314 at a MOI of 10 for the indicated time periods and stained with anti-LPS antibody, streptavidin-Cy5 (both without cell permeabilization) and DAPI to score their localization to the outside, inside or intermediary compartments as in (A). Data represent means of at least n = 1000 bacteria investigated per donor. **(C) YopB positive bacteria passage from the intermediary to the inside compartment in macrophages**. Experimental conditions as in (B) but with no LPS but YopB immunostaining. Data represent mean of n = 952 YopB positive bacteria investigated from 1 donor. **(D) Intermediary compartment is marked by PLCδ-PH-GFP**. HeLa cells expressing PLCδ-PH-GFP and myc-Rac1Q61L were infected with surface-biotinylated WA-314 at a MOI of 10 for 60 min, stained with anti-LPS antibody and streptavidin-Cy5. Bacteria with PLCδ-PH-GFP enrichment were judged for their localization as in (A). Scale bar: 1 μm. Bars represent mean ± S.D. of n = 398 PLCδ-PH-GFP positive bacteria investigated in 1 experiment. **(E) YopB spots colocalize with the PLCδ-PH-GFP marker at STED resolution**. HeLa cells expressing PLCδ-PH-GFP and myc-Rac1Q61L were infected with WA-314. Cells were co-immunostained for YopB (secondary antibody Abberior-StarRed) and GFP (AbberiorStar580). Z-stacks were recorded in 3D-STED mode and z-planes (distance: 90 nm) of YopB inserted in a PLCδ-PH-GFP enriched membrane are depicted. Scale bar: 0.5 μm **(F) External addition of proteinase K to infected HeLa cells degrades YopB and YopD but not YopH**. HeLa cells were infected with WA-314 or WA-314ΔYopE and myc-Rac1Q61L overexpressing HeLa cells were infected with WA-314 at a MOI of 100 for 60 min as indicated. Cells were incubated with PK for 20 min. PK was inactivated with PMSF, cells were extracted with digitonin and analyzed by Western blot for YopB and YopD, YopH (translocated effector protein), myc (myc-Rac1Q61L expression) and actin (loading control). Data are representative of 3 independent experiments. **(G) Rac1Q61L overexpression increases uptake of WA-314 into HeLa cells**. Control or myc-Rac1Q61L expressing HeLa cells were infected with WA-314 at a MOI of 20 for 60 min, fixed and stained with anti-LPS antibody (antibody accessible bacteria in outside location) and then permeabilized and stained with the same anti-LPS antibody in combination with a different secondary antibody (antibody inaccessible bacteria in intermediary and inside compartments). Bars represent mean ± S.D. of n = 1609 bacteria in control transfected cells and n = 3482 bacteria in myc-Rac1Q61L transfected cells investigated in 3 independent experiments. **(H) Rac1L61 expression significantly increases the number of YopB positive bacteria in the intermediary and inside compartments**. HeLa cells expressing PLCδ-PH-GFP and either empty vector (control) or myc-Rac1Q61L were infected with WA-314 at a MOI of 50 for 60 min and stained with anti-YopB antibody. The number of YopB positive bacteria as fraction of total cell associated bacteria and their distribution between the intermediary (PLCδ-PH-GFP positive) and inside (PLCδ-PH-GFP negative) compartments was determined. Bars represent mean ± S.D. of n = 1820 bacteria in control transfected cells and n = 6020 bacteria in myc-Rac1Q61L transfected cells investigated in 3 independent experiments.](ppat.1007527.g005){#ppat.1007527.g005}

To find out in which macrophage compartment translocons are formed, we assayed YopB fluorescence signals of bacteria during their passage into the intermediary and inside compartments (see [S5A Fig](#ppat.1007527.s005){ref-type="supplementary-material"} for staining procedure and representative images). For this macrophages prepared from four different donors were infected with wild type *Y*. *enterocolitica* and investigated during a 60 min time period. The bacteria had entered the intermediary compartment already at 5 min of infection ([Fig 5B](#ppat.1007527.g005){ref-type="fig"}) and in all but one preparation of macrophages (donor 4, [Fig 5B](#ppat.1007527.g005){ref-type="fig"}) the fraction of bacteria that localized to the intermediary compartment remained stable between 20 to 60 min post infection. At 60 min post infection 20 to 40% of the cell associated bacteria still resided in the intermediary compartments ([Fig 5B](#ppat.1007527.g005){ref-type="fig"}). Notably, the fraction of bacteria that further progressed to the inside compartment differed widely among the different macrophage preparations. It amounted to 60--80% in macrophages from donors 1 and 2 and was about 5% in macrophages from donors 3 and 4 at 60min post infection ([Fig 5B](#ppat.1007527.g005){ref-type="fig"}). Thus, in macrophages from some individuals only a minimal fraction of wild type *Yersinia* transits from the intermediary to the inside compartment, whereas in macrophages from other donors the bacteria readily proceed to the inside compartment.

In a preparation of macrophages in which the bacteria mostly ended up in the inside compartment (similar to macrophages from donor 1, [Fig 5B](#ppat.1007527.g005){ref-type="fig"}) it was first verified that bacteria in the outside location do not show YopB staining like already seen in HeLa cells (no YopB positive outside bacteria in 50 macrophages from two experiments investigated). At 5--10 min post infection essentially all YopB positive bacteria were found in the intermediary compartment and thereafter the fraction of YopB positive bacteria decreased in the intermediary compartment and in parallel increased in the inside compartment ([Fig 5C](#ppat.1007527.g005){ref-type="fig"}). These results clearly indicate that translocons are formed in the intermediary compartment of macrophages and then are carried on to the inside compartment.

That the translocon proteins in the intermediary compartment are accessible to externally added proteins was confirmed with a modified digitonin lysis assay. Proteinase K (MW 29 kDa) was added to *Yersinia* WA-314 or WA-314ΔYopE infected HeLa cells and was then neutralized with phenylmethylsulfonyl fluoride (PMSF) prior to digitonin lysis and Western blot analysis of the cells. Under these conditions YopB and YopD were largely degraded whereas the effector YopH and actin remained unchanged ([Fig 5F](#ppat.1007527.g005){ref-type="fig"}). It was verified in control experiments that with the proteinase K amounts employed Yops can principally be degraded and that addition of PMSF abrogates proteinase K activity ([S4A Fig](#ppat.1007527.s004){ref-type="supplementary-material"}, [Methods](#sec008){ref-type="sec"}).

The prevacuole formed during invasion of avirulent *Y*. *pseudotuberculosis* into COS1 cells was characterized by accumulation of the PI(4,5)P2 sensor PLCδ-PH-GFP \[[@ppat.1007527.ref069]\]. Accumulation of PLCδ-PH-GFP also marked the intermediary compartment in wild type infected HeLa cells ([Fig 5D](#ppat.1007527.g005){ref-type="fig"}) and accumulated around translocon positive wild type bacteria in human macrophages ([S5B Fig](#ppat.1007527.s005){ref-type="supplementary-material"}). STED recordings (z-planes) of co-immunostained YopB and PLCδ-PH-GFP in wild type infected HeLa cells clearly indicated insertion of YopB and thus translocons in the PLCδ-PH-GFP enriched prevacuole membrane ([Fig 5E](#ppat.1007527.g005){ref-type="fig"}).

We finally hypothesized that the strong enhancement of translocon formation in HeLa cells upon Rac1 activation may be due to the capability of Rac to stimulate bacterial uptake into the intermediary prevacuolar compartment \[[@ppat.1007527.ref071]--[@ppat.1007527.ref073]\].

In fact, in HeLa cells overexpressing myc-Rac1Q61L around 60% of wild type bacteria became inaccessible to antibodies compared to around 10% in control cells after 60 min of infection ([Fig 5G](#ppat.1007527.g005){ref-type="fig"}). This resulted in a 6-fold higher number of YopB positive bacteria both, in the intermediary and inside compartments of myc-Rac1Q61L overexpressing cells when compared to controls ([Fig 5H](#ppat.1007527.g005){ref-type="fig"}).

Altogether we conclude from this set of experiments that the formation of *Yersinia* translocons is triggered in a PI(4,5)P2 enriched permissive cell compartment, which is protected from large extracellular proteins like antibodies. Primary human macrophages readily internalize the bacteria in this permissive compartment, which is most certainly the reason why they so effectively stimulate translocon formation. In comparison, epithelial cells like HeLa cells possess a low intrinsic activity to internalize the bacteria in the permissive compartment. However, uptake of the bacteria into the permissive compartment, translocon formation and effector translocation can be dramatically stimulated to values reached in primary macrophages by activation of the Rho GTP binding protein Rac1.

Discussion {#sec007}
==========

The two hydrophobic translocators present in most T3SSs and the pore complex/translocon that these proteins form in host cell membranes are particularly difficult to investigate. This is amongst others due to the highly elaborate transit of the translocators from the bacterial interior, where they have to be in a soluble form, through the T3SS needle, when they are in an unfolded state, up to their dynamic interaction with the needle tip. The tip complex is supposed to orchestrate integration of the translocators into the host cell membrane, a process that presumably is accompanied by refolding and heteromultimeric assembly of the proteins. Because it is localized at the interface of the bacterial T3SS and the target cell membrane, the translocon is unavoidably controlled by host cell factors that determine the composition and function of cell membranes.

A recent super resolution fluorescence microscopy study of *Salmonella* Typhimurium without host cell contact described clusters of the basal body protein PrgH, a *Yersinia* YscD analogon, with a width of 46 nm \[[@ppat.1007527.ref055]\]. The 12 PrgH clusters found on average per *Salmonella* cell were shown to represent individual needle complexes whereby the mean distance between the PrgH fluorescent signal and the signal of the tip complex protein SipD, a *Yersinia* LcrV analogon, was determined to be 101 nm \[[@ppat.1007527.ref055]\].

Cryo-Electron Tomography (Cryo-ET) analysis of *Y*. *enterocolitica* (mini)cells also provided an estimation of the number and organization of needle complexes expressed without host cell contact. In tomograms of single *Y*. *enterocolitica* cells 6.2 injectisomes were detected on average whereby it was calculated that the employed technique underestimates the total number of injectisomes by a factor of 2--3. Cryo-ET also demonstrated that separate fluorescence signals of *Yersinia* needle complexes seen in the confocal microscope contained in the mean 2.5 injectisomes organized in clusters. Within these clusters the injectisomes were about 100 nm apart whereas more randomly distributed injectisomes showed distances of about 400 nm \[[@ppat.1007527.ref074]\]. These numbers are in good agreement with the 18--33 translocons implying fully assembled injectisomes identified by superresolution fluorescence microscopy in *Y*. *enterocolitica*. They also comply well with the average distance of 127 nm between individual translocons in clusters as well as with the mean distance of 716 nm measured between the clusters. Our data further suggest that the number of operable translocons on the bacteria increases in parallel to effector translocation and is significantly higher in macrophages than in epithelial cells. In fluorescence patches of translocator proteins visualized with confocal microscopy we were able to resolve on average 3 separate translocator spots by STED, corresponding well to the 2--3 injectisomes found with Cryo-ET in fluorescence clusters of injectisome components \[[@ppat.1007527.ref074]\]. Taken together, the previously reported numbers of injectisomes in secreting bacterial cells, their dimensions and distances among each other is highly concordant with the respective features of the *Yersinia* translocons described here.

We show here that YopB and YopD secreted without cell contact rather uniformly cover the bacterial surface even in a *lcrV*/tip complex mutant, rendering it unlikely that these translocators are associated with the needle or are functionally relevant. Pathogenic yersiniae have the unique property to secrete massive amounts of Yops including translocators during the low Ca^2+^ response and presumably because of their hydrophobicity a fraction of these collapses back onto the bacterial cell surface as was suggested previously \[[@ppat.1007527.ref043]\].

In this study we employed high resolution STED and SIM fluorescence microscopy to resolve translocon, needle and basal body proteins of *Yersinia* injectisomes during cell infection and come to the conclusion that *Yersinia* injectisomes form a continuous conduit from the bacterial to the target cell cytoplasm. However, our findings do not exclude the additional existence of translocons operating independently of the remaining injectisome as was proposed recently \[[@ppat.1007527.ref018]\]. An elegant Cryo electron tomography study recently also demonstrated that the *Salmonella* translocon of minicells is connected to the needle and at the same time embedded in the host cell membrane \[[@ppat.1007527.ref019]\].

High resolution fluorescence techniques provide the basis for future live imaging studies. Using these techniques we could characterize here the host cell compartment that promotes translocon formation. Our study thereby provides an explanation for the reported stimulatory effects of Rho activators on one hand and the inhibitory effect of Rho deactivators like YopE on the other hand on effector translocation by *Yersinia* \[[@ppat.1007527.ref037], [@ppat.1007527.ref038], [@ppat.1007527.ref064]--[@ppat.1007527.ref067]\].

On the basis of previous work and the findings presented here we propose the following scenario. Before cell infection yersiniae growing at 37°C produce incomplete injectisomes with tip complex but not translocators attached. The translocator proteins at this stage reside already in the bacterial cytoplasm. In the prevacuole the injectisome needle senses a host cell factor which triggers secretion of the translocators followed by their association with the needle tip and integration into the host cell membrane. Activation of Rac1 promotes uptake of the bacteria into the prevacuole and thereby enhances translocon formation and effector translocation. Vice versa, deactivation of Rac by the translocated effector YopE inhibits further uptake of the bacteria into the prevacuole and thereby acts as a negative feedback regulator of translocation. Amongst others it will be very interesting to decipher in future studies the nature of the host cell factor that stimulates translocator secretion, the molecular mechanisms of host cell sensing by the injectisome and how signal transduction from the needle tip to the bacterial interior proceeds.

Material and methods {#sec008}
====================

Materials {#sec009}
---------

All standard laboratory chemicals and supplies were purchased from Roth (Karlsruhe, Germany), Sigma-Aldrich (Steinheim, Germany) or Merck (Hohenbrunn, Germany) unless indicated otherwise.

Plasmids {#sec010}
--------

The following plasmids were described previously: PLCδ1-PH-GFP was provided by T. Balla (National Institutes of Health, Bethesda, MD). The myc-Rac1Q61L plasmid was kindly provided by Dr. Pontus Aspenström (Uppsala University, Uppsala, Sweden) and pRK5myc was purchased from Clontech.

Antibodies {#sec011}
----------

Polyclonal rabbit anti-YopB (aa 1--168) and anti-YopD (aa 150--287) as well as rat anti-YopB (aa1-168) and anti-YscF antibodies were produced by immunization of the animals with the respective purified GST-fused proteins (animal research project A10a 675). For immunofluorescence staining, sera were affinity purified by binding either to the suitable GST-fused recombinant antigens bound to glutathione beads or to antigens released by *Y*. *enterocolitica* WA-314 that were run on SDS-polyacrylamide gel electrophoresis (PAGE) and blotted onto polyvinylidine fluoride (PVDF) membranes (Immobilon-P, Millipore, Schwalbach, Germany). Anti-LcrV, anti-YopH and anti-PepC \[[@ppat.1007527.ref075]\] rabbit polyclonal sera were a gift of Jürgen Heesemann (Max von Pettenkofer-Institute, Munich, Germany).

Primary antibodies and their sources were: rabbit polyclonal anti-*Y*. *enterocolitica* O:8 (Sifin, Berlin, Germany); rabbit polyclonal anti-calnexin (Enzo, Lörrach, Germany); rabbit polyclonal myc (Cell Signaling, Cambridge, UK); mouse monoclonal anti-actin (Millipore, Schwalbach, Germany); mouse monoclonal anti-HSP60 and anti-streptavidin-Cy5 (ThermoFisherScientific, Waltham, USA); biotin conjugated goat polyclonal anti-GFP (Rockland, Limerick, USA).

Secondary anti-IgG antibodies and their sources were: Alexa488 chicken anti-rabbit and goat anti-rat, Alexa568 goat anti-rabbit and goat anti-rat, Alexa647 goat anti-rabbit, Alexa594 chicken anti-rat (Molecular Probes, Karlsruhe, Germany). AbberiorStar580 donkey anti-rabbit, AbberiorStarRed donkey anti-rabbit and goat anti-rat, AbberiorStar635P goat anti-rabbit (Abberior, Göttingen, Germany). Rabbit polyclonal anti-biotin (Rockland, Limerick, USA). Protein A gold was purchased from G. Posthuma (University Medical Center Utrecht, Netherlands). Horseradish peroxidase linked sheep anti-mouse, donkey anti-rabbit and goat anti-rat (GE Healthcare, Chicago, USA).

Statistical analysis {#sec012}
--------------------

Statistical analyses were performed with GraphPad Prism 6 (La Jolla, CA, USA) using two-tailed t-test or one way-Anova with uncorrected Fisher's LSD. Data was tested for normal distribution with a D'Agostino-Person normality test.

Ethic statement {#sec013}
---------------

The source of the *Yersinia* strains used here and the generation of *Yersinia* mutants is described in [Table 1](#ppat.1007527.t001){ref-type="table"} and in the Methods section (see below).

Approval for the analysis of anonymized blood donations (WF-015/12) was obtained by the Ethical Committee of the Ärztekammer Hamburg (Germany).

Source and generation of *Yersinia* mutants {#sec014}
-------------------------------------------

*Y*. *enterocolitica* wild type strain WA-314 was a gift of Jürgen Heesemann (Max von Pettenkofer Institute, Munich, Germany) and described elsewhere \[[@ppat.1007527.ref040]\]. *Y*. *enterocolitica* mutants WA-314ΔYopB, WA-314ΔYopD were generated as described previously \[[@ppat.1007527.ref041]\]. Briefly, mutants were constructed by replacing the coding region of *yopB and yopD* by a kanamycin resistance cassette in the pYV plasmid. Correct replacement of the respective *yop* genes by the resistance cassettes was verified by PCR and SDS-PAGE of secreted Yop proteins and Western blotting. To rule out any unwanted recombination in the chromosome due to the action of Redα and Redβ, the mutated plasmids were transferred to the pYV-cured strain WA-C. E40ΔLcrV was generated by allelic exchange, replacing the WT gene on the virulence plasmid by the mutated version, as described previously \[[@ppat.1007527.ref076]\].

Cell culture and transfection {#sec015}
-----------------------------

HeLa cells (ACC\#57, DSMZ-German Collection of Microorganisms and Cell Cultures) were cultured at 37°C and 5% CO~2~ in DMEM (Invitrogen, GIBCO, Darmstadt, Germany) supplemented with 10% FCS. For infection with bacteria, HeLa cells were seeded in 6 well plates (3x10^5^ cells per well) or on glass coverslips (12mm, No. 1.5H for high resolution, Marienfeld GmbH, Lauda-Königshafen, Germany) at a density of 5x10^4^. HeLa cells were transfected with turbofect (Thermo Fisher Scientific, Waltham, Massachusetts, USA) for 8-16h according to the manufacturer's protocol.

Human peripheral blood monocytes were isolated from heparinized blood as described previously \[[@ppat.1007527.ref077]\]. Monocytes/Macrophages were cultured in RPMI1640 (Invitrogen) containing 20% heterologous human serum for 7 days with medium changes every three days. For immunostaining, 1x10^5^ macrophages were seeded on coverslips (12 mm, No. 1.5H, Marienfeld GmbH) one day prior to infection. Macrophages were transfected with the Neon Transfection System (Invitrogen) with 5 μg DNA per 10^6^ cells (1000 V, 40 ms, 2 pulses).

Preparation of bacteria {#sec016}
-----------------------

*Yersinia* were grown in Luria Bertani (LB) broth (supplemented with required antibiotics and diaminopimelic acid as stated in [Table 1](#ppat.1007527.t001){ref-type="table"}) at 27°C overnight and then diluted 1:20 in fresh LB broth, followed by cultivation at 37°C for 1.5 h to induce expression of the T3SS (non-secretion condition in [Fig 1](#ppat.1007527.g001){ref-type="fig"} and [S1 Fig](#ppat.1007527.s001){ref-type="supplementary-material"}). These cultures were also used for cell infection experiments (see below). For analysis of *in-vitro* Yop secretion, EGTA was added to the growth medium (Ca^++^-depletion), followed by another 2 h of incubation at 37°C, as described before \[[@ppat.1007527.ref078]\]. Bacteria were then centrifuged and resuspended in ice-cold PBS (secretion condition in [Fig 1](#ppat.1007527.g001){ref-type="fig"} and [S1 Fig](#ppat.1007527.s001){ref-type="supplementary-material"}). To degrade the secreted proteins adhering to the bacterial surface, bacteria were incubated in PK solution (500 μg/ml in PBS) at RT for 10 min, followed by incubation with 4 mM PMSF in PBS to inactivate PK (secretion + PK condition in [Fig 1](#ppat.1007527.g001){ref-type="fig"} and [S1 Fig](#ppat.1007527.s001){ref-type="supplementary-material"}). For immunostaining, bacteria were then attached to gelatin (0.2%) coated coverslips and fixed with 4% para-formaldehyde (PFA; Electron Microscopy Science, Hatfield, USA) for 5 min. Bacterial samples were then treated with either 0.1% Triton X-100 in PBS for non-permeabilizing conditions or with 2% SDS (w/v) in PBS for permeabilizing conditions ([Fig 1](#ppat.1007527.g001){ref-type="fig"} and [S1 Fig](#ppat.1007527.s001){ref-type="supplementary-material"}).

For cell infection, bacteria were centrifuged, resuspended in ice-cold PBS and added to target cells at a defined multiplicity of infection (MOI), as specified in the figure captions. Bacteria were then centrifuged at 200 x g for 2 min onto the target cells to synchronize the bacterial attachment.

Biotinylation of bacteria for cell infection experiments was performed with EZ-Link Sulfo-NHS-SS-Biotin (Thermo Fisher Scientific), as described previously \[[@ppat.1007527.ref069]\].

Immunofluorescence staining {#sec017}
---------------------------

Cell-associated bacteria were fixed with 4% PFA in PBS for 5 min and permeabilized with 0.1% Triton X-100 (w/v) in PBS for 10 min. Cell-free bacteria were fixed with 4% PFA in PBS for 5 min and then treated with either 0.1% Triton X-100 in PBS for non-permeabilizing conditions or with 2% SDS (w/v) in PBS for permeabilizing conditions (see [Fig 1](#ppat.1007527.g001){ref-type="fig"} and [S1 Fig](#ppat.1007527.s001){ref-type="supplementary-material"}). Unspecific binding sites were blocked with 3% bovine serum albumin (BSA, w/v) in PBS for at least 30 min. Samples were then incubated with a 1:100 dilution of the indicated primary antibody for 1 h, washed three times with PBS and incubated with a 1:200 dilution of the suitable fluorophore-coupled secondary antibody for 45 min. Both, primary and secondary antibodies were applied in PBS supplemented with 3% BSA. Fluorophore-coupled phalloidin (1:200, Invitrogen) and 4\',6-diamidino-2-phenylindole (DAPI; 300 nM, Invitrogen) were added to the secondary antibody staining solution as indicated. Colocalization studies using STED microscopy were performed with Abberior-StarRed and AlexaFluor-594 labelled secondary antibodies. For staining of biotinylated yersiniae Cy5-conjugated streptavidin (strep-Cy5; 1:100, Thermo Fisher Scientific) was added to the primary antibody staining solution. Coverslips were mounted in MOWIOL (Calbiochem, Darmstadt, Germany), ProLond Diamond (Thermo Fisher Scientific) or Abberior mount liquid antifade (Abberior).

Microscopy and high resolution imaging {#sec018}
--------------------------------------

Fixed samples were analyzed with confocal laser scanning microscopes (Leica TCS SP5 or SP8) equipped with a 63x, NA1.4 oil immersion objective and Leica LAS AF or LAS X SP8 software (Leica Microsystems, Wetzlar, Germany) were used for acquisition, respectively. STED and corresponding confocal microscopy were carried out in sequential line scanning mode using two Abberior STED setups. The first was based on an Olympus IX microscope body and made use of 100x NA 1.4 oil immersion objective for fluorescence excitation and detection. The second setup, used for colocalization studies, was based on a Nikon Ti-E microscope body with perfect focus system and employed for excitation and detection of the fluorescence signal a 60x (NA 1.4) P-Apo oil immersion objective. Two pulsed lasers were used for excitation at 561 and 640 nm and near-infrared pulsed laser (775 nm) for depletion. The detected fluorescence signal was directed through a variable sized pinhole (set to match 1 Airy at 640 nm) and detected by novel state of the art avalanche photo diodes APDs with appropriate filter settings for Cy3 (605--635 nm) and Cy5 (615--755 nm). Images were recorded with a dwell time of 10 μs and the voxel size was set to be 20x20x150 nm for 2D-STED or 40x40x40 nm for 3D-STED. The acquisitions were carried out in time gating mode i.e. with a time gating width of 8ns and a delay of 781ps (Cy3) and 935ps (Cy5). 3D-STED images were acquired with 80% 3D donut. 3D-STED z-stacks were background subtracted and colocalization events were quantified using the ImageJ plugin JACoP. STED spots of 3D-STED images were quantified with Imaris v6.1.1. (Bitplane, Zürich, CH). After baseline subtraction, each channel was analyzed individually with settings adjusted to confocal or STED. Background subtraction was applied in order to detect single spots. An average spot was measured (diameter of largest sphere 0.3--0.45 μm for confocal and 0.11--0.24 μm for STED) and the Gaussian filter was adjusted to the diameter of the largest sphere. Local maxima were filtered by size and quality of spots, which is defined by the intensity at the center of the spot.

Image deconvolution was performed using the deconvolution analysis tool of the Abberior inspector acquisition software (applies only for GFP staining in [Fig 5E](#ppat.1007527.g005){ref-type="fig"}). The iterative Richardson-Lucy approach was used. The algorithm was stopped after 30 iterations. As STED-PSF estimate the 3D-STED stack of an individual 20 nm diameter fluorescence nano sphere was used.

Analysis of clusters formed by YopB/YopD spots visualized with STED {#sec019}
-------------------------------------------------------------------

STED spot detection and segmentation was done with Imaris (v6.1.1) on 3D-STED images as described above. Segmentation analysis provided information about volume and position of single STED spots which was then evaluated by a cluster analysis in Matlab ([S1 MatLab](#ppat.1007527.s009){ref-type="supplementary-material"} script, written by AF; Version 9.2, The MathWorks Inc., Natick, USA). In brief, the radius of each spot was calculated through its volume and the resulting sphere was placed at the position of the center of mass of the segmented volume. The spot size was defined as the full width at half maximum (FWHM) of a fluorescence profile (resolution \~100 nm). Distances between the centers of mass were calculated and categorized into clusters. The threshold for spots included in a cluster was defined by the sum of the radiuses of two spheres. For visualization of STED clusters, they were projected in different colors in a super-resolution 3D image.

3D-SIM (structured illumination microscopy) superresolution microscopy {#sec020}
----------------------------------------------------------------------

We used 3D structured illumination microscopy to visualize the GFP-tagged basal body component YscD together with an antibody staining against the pore proteins YopB/D. Cells were imaged with a CFI Apochromat TIRF 100x Oil / NA 1.49 objective (Nikon, Tokio, Japan) on a Nikon N-SIM E equipped with a Ti eclipse inverted microscope (Nikon). Images were acquired using NIS Elements software steering a LU-N3-SIM 488/561/640 laser unit, an Orca flash 4.0 LT (Hamamatsu Photonics, Hamamatsu, Japan) sCMOS or Ultra EM-CCD DU-897 (Andor Technology, Belfast, Northern Ireland) camera, a Piezo z drive (Mad city labs, Wisconsin, USA), a N-SIM motorized quad band filter combined with N-SIM 488 and 561 bandpass emission filters using laser lines 488 and 561 at 100% output power and adjustable exposure times of 300--800 msec. Z-stacks were acquired at 200 nm step size, covering about 1.6--2.2 μm. Reconstruction was performed with the stack reconstruction tool (Nikon, NIS-Elements) using default parameters.

Image analysis of SIM data {#sec021}
--------------------------

Particle detection was done with the ImageJ plugin TrackMate v3.5.1 \[[@ppat.1007527.ref079]\] followed by a nearest neighborhood analysis in Matlab (Version 9.2). In brief, single z-planes of 3D 2-color SIM images were used for analysis. Distinct spots of GFP-YscD and YopB/D were detected with Trackmate using an estimated blob diameter of 0.3 micron for both channels, individually set thresholds and activated median filter. The resulting x/y coordinates were exported into xml files and imported into Matlab by parseXML (github.com/samuellab). The euclidean nearest neighbors of GFP-YscD spots for every YopB/D spot were detected with the function Knnsearch and the resulting distances were plotted. Scripts (written by JB) can be found in [S2 MatLab](#ppat.1007527.s010){ref-type="supplementary-material"} script.

Immunoelectron microscopy {#sec022}
-------------------------

For TEM analysis, HeLa cells were transfected with myc-Rac1Q61L for 16 h and infected with E40 GFP-YscD at a MOI of 50 for 60 min. Samples were washed with ice-cold PBS and then fixed with a double-strength fixative made of 4% PFA (w/v) with 0.2% glutaraldehyde (GA) in PB. Fixative was replaced after 10 min with fresh single strength fixative (2% PFA with 0.1% GA in PB for 20 min) at RT. Fixation was followed by three wash steps with PBS at RT. Samples were then warmed up at 37°C and coated with 1% gelatin. Sedentary cells were harvested carefully and spun down in the same fixative. Suspended cells were embedded in 12% (w/v) gelatin in PBS at 37°C for 5 min and the pellet was solidified on ice. Small blocks were cut and infiltrated in 2.3 M sucrose overnight. Thereafter the blocks were mounted on specimen holders and frozen by immersing them in liquid nitrogen. Ultrathin sections (70 nm) were cut and labeled according to Slot and Geuze \[[@ppat.1007527.ref063]\]. Briefly, sections were collected on Carbon-Formvar-coated nickel grids (Science Services GmbH, München, Germany). Anti-GFP-biotin (1:300) was recognized with secondary anti-biotin (1:10 000) and 15 nm large protein A gold; anti-YopD (1:50) with 10 nm large protein A gold in single and double labelling experiments. Sections were examined in an EM902 (Zeiss, Oberkochen, Germany). Pictures were taken with a TRS 2K digital camera (A. Tröndle, Moorenweis, Germany) at 30.000x magnification.

Labelling intensities in randomly selected images were quantified as described previously \[[@ppat.1007527.ref080], [@ppat.1007527.ref081]\]. Briefly, compartments of interest were defined for each antigen ([Fig 3E](#ppat.1007527.g003){ref-type="fig"}; YscD: bacterial cytoplasm, periplasm and bacterial inner and outer membranes and host cell; YopD: bacterial cytoplasm, injectisome range, host cell). Labelling intensities were then analyzed by counting colloidal gold particles per compartment. Superimposed test-point lattices were used to estimate the compartment area and to count chance encounters with compartments. Labelling densities (gold/μm^2^), expected golds (n~e~) and relative labelling indices (RLI) with partial chi-squared values were then calculated from observed and expected gold distributions to determine the preferentially labelled compartments \[[@ppat.1007527.ref081]\]. For a combined analysis of volume and surface occupying compartments an acceptance zone adjacent to membranes was defined and this zone was treated as a profile area \[[@ppat.1007527.ref082]\].

Detection of released effector and translocator proteins (digitonin lysis assay) {#sec023}
--------------------------------------------------------------------------------

Released effector (YopH) and translocator proteins (YopB/D) were analyzed as described previously \[[@ppat.1007527.ref068]\]. In brief, HeLa cells were infected with a MOI of 100 for 60 min and subsequently washed with PBS to remove non-adherent bacteria. To remove extracellular effectors, cells were treated with PK (500 mg/ml in PBS) for 20 min at room temperature. Prior to cell lysis, protease activity was blocked by the addition of PMSF (4 mM in PBS). HeLa cells were lysed by the addition of digitonin (0.5% w/v in PBS) at room temperature for 20 min, with repeated vortexing. Cell debris and attached bacteria were separated from the lysate containing the released effectors by centrifugation. The resulting supernatants and pellets were analyzed by SDS-PAGE, transferred to a PVDF membrane (Immobilon-P, Millipore), and analyzed by Western blot using antisera against YopH, YopB and YopD and antibodies against actin, calnexin and myc-tag.

Supporting information {#sec024}
======================

###### Specificity of anti-YopB- and anti-YopD antibodies and YopD staining in permeabilized and non-permeabilized bacterial cells at different conditions.

**(A)** Yops released from strains WA-314, WA-314ΔYopB and WA-314ΔYopD ([Table 1](#ppat.1007527.t001){ref-type="table"}) by Ca^2+^-depletion were subjected to Western blot using indicated polyclonal antibodies from rabbit (rb) or rat. **(B)** HeLa cells were infected with WA-314ΔYopB or WA-314ΔYopD at a MOI of 100 for 60 min and immunostained using indicated polyclonal antibodies from rabbit or rat. Scale bar: 1 μm. **(C)** Confocal immunofluorescence and corresponding differential interference contrast (DIC) images of *Yersinia* WA-314 subjected to indicated conditions and immunostained for YopD. Diagram depicts fluorescence intensity profile (arbitrary units, a.u.) along the arrow in the image. Scale bars: 1 μm. **(D)** Quantitative analysis of YopD positive bacteria treated as in (C). Bars represent mean ± S.D. of n = 200 bacteria from 2 independent experiments. **(E)** Confocal immunofluorescence and corresponding differential interference contrast (DIC) images of *Yersinia* WA-314 subjected to indicated conditions and immunostained for YopD. Diagrams depict fluorescence intensity profiles (arbitrary units, a.u.) along the arrows in the images. Scale bars: 1 μm. **(F)** Negative controls for the YopB and YopD immunostainings under secretion condition. Confocal immunofluorescence and corresponding differential interference contrast (DIC) images of *Yersinia* WA-314ΔYopB and WA-314ΔYopD subjected to immunostaining with anti-YopB and anti-YopD antibodies, respectively. Scale bars: 1 μm. **(G)** Representative 3D-STED STED images (upper row) and 3D reconstructions (lower row) of surface localized YopD (WA-314ΔYopB) or YopB (WA-314ΔYopD and E40ΔLcrV) under secretion condition. Yz projection at the level of the dashed line. Scale bars: 1 μm.

(RAR)

###### 

Click here for additional data file.

###### Confocal and STED imaging of YopB and YopD during *Yersinia* infection of host cells.

\(A\) HeLa cells (upper row) were infected with WA-314 at a MOI of 100 for 2 h. Primary human macrophages (lower row) were infected with WA-314 at a MOI of 10 for 20 min. Cells were stained with anti-YopD antibody, phalloidin and DAPI. Representative confocal images are depicted. Boxed regions depict positions of the enlargements in images to the right. Scale bars (from left to right): 5 μm, 5 μm and 1 μm. (B) YopB spots concentrate in clusters. myc-Rac1Q61L transfected HeLa cells were infected with WA-314 at a MOI of 50 for 60 min and stained with anti-YopB antibody and Abberior635P secondary antibody. Z-stacks were recorded in 3D-STED mode and YopB spots on individual bacteria were subjected to image analysis ([Methods](#sec008){ref-type="sec"}). A representative 3D-STED recording is depicted as original fluorescence staining (green, left) and as segmented surface representation (green, middle). Surface representations were used for 3D analysis of YopB spots in Imaris. Clusters formed by at least 2 spots were coded in different colors and the residual spots remained green. Scale bar: 1 μm (C) STED imaging of YopB and YopD during *Yersinia* E40ΔLcrV infection. E40ΔLcrV infected HeLa cells were co-immunostained for YopB (secondary antibody AlexaFluor-594) and YopD (AbberiorStarRed). All images show representative single planes of z-stacks recorded in 3D-STED mode. xz projection at the level of the dashed line. Representation of colocalizing points was generated using the "Colocalization" plugin in ImageJ. Merge (yellow) of green (YopD) and red (YopB) fluorescence. Scale bar: 1 μm.

(TIF)

###### 

Click here for additional data file.

###### SIM separates YopD dots from near neighboring patches of GFP-YscD.

HeLa cells were infected with *Y*. *enterocolitica* E40 GFP-YscD, stained with anti-YopD antibody and z-stacks of YopD positive bacteria were recorded with SIM. A 3D reconstruction of a representative bacterium is depicted. Scale bar: 1 μm. Fluorescence intensity profiles along the longitudinal axis (arrow) of a GFP-YscD/YopD pair indicate a distance of 97 nm between fluorescence maxima.

(TIF)

###### 

Click here for additional data file.

###### Validation of the proteinase K accessibility assay.

HeLa cells were infected with WA-314ΔYopE at a MOI of 100 for 60 min. To demonstrate the capability of PK to degrade Yops and of PMSF to efficiently inhibit PK, digitonin plus PMSF, digitonin plus PK or digitonin plus premixed PK+PMSF were added to the infected cells before centrifugation and immunoblotting of the supernatant for YopH, YopB and calnexin.

(TIF)

###### 

Click here for additional data file.

###### 

\(A\) *Yersinia* in different stages of internalization during infection of primary human macrophages. Macrophages were infected with surface-biotinylated WA-314 at a MOI of 10 for 20 min and stained with anti-LPS antibody and streptavidin-Cy5 without cell permeabilization. Then cells were permeabilized and stained with fluorescent phalloidin and DAPI. From left to right: 1. Overview of infected macrophage. 2.--4. Enlargement of bacteria located outside (yellow in merge), in the intermediary compartment (red in merge) and in the inside compartment (white in merge, arrowhead). Scale bars: 5 μm. (B) PLCδ-PH-GFP enrichment around YopB positive bacteria in human macrophages. Primary human macrophages expressing PLCδ-PH-GFP were infected with WA-314 at a MOI of 10 for 20 min and immunostained for YopB. Scale bar: 1 μm.

(TIF)

###### 

Click here for additional data file.

###### Distribution of YopD and GFP-YscD in immunogold TEM.

**(A) Distribution of YopD in immunogold TEM of *Yersinia* infected cells**. 36 electron microscopy images of 2 grids (magnification 30.000) of double immunogold labelled ultrathin cell sections were analyzed. Cryo sections of E40 GFP-YscD infected HeLa cells were immunostained with anti-YopD antibody followed by 10 nm protein A gold and anti-GFP-biotin followed by secondary anti-biotin and 15 nm protein A gold. ^a^ Distribution of gold particles significantly deviates from random (P \< 0.00001) ^b^ Number of gold particles significantly higher than expected value (P\< 0.0001) ^c^ Number of gold particles significantly lower than expected value (P \< 0.0001). **(B) Distribution of YopD between the injectisome range of 90 nm from bacterial surface and adjacent host cells**. 36 electron microscopy images of 2 grids (magnification 30.000) of double immunogold (YopD: 10 nm gold; GFP-YscD: 15 nm gold) labelled ultrathin cell sections were analyzed. ^a^ Distribution of gold particles significantly deviates from random (P \< 0.00001) ^b^ Number of gold particles significantly higher than expected value (P\< 0.0001) ^c^ not significant. **(C) Distribution of GFP-YscD in immunogold TEM**. 41 electron microscopy images of 2 independent experiments (magnification 30.000) were analyzed. Cryo sections of E40 GFP-YscD infected HeLa cells were immunostained with anti-GFP-biotin followed by secondary anti-biotin and 10 nm protein A gold. ^a^ Distribution of gold particles significantly deviates from random (P \< 0.00001) ^b^ Number of gold particles significantly higher than expected value (P \< 0.0001) ^c^ Number of gold particles significantly higher than expected value (P \< 0.0001) ^d^ Number of gold particles significantly lower than expected value (P \< 0.0001).

(TIF)

###### 

Click here for additional data file.

###### YopB spots are organized in clusters on the bacterial surface.

The movie first shows surface representations of YopB spots of one bacterium (green; as in [S2B Fig](#ppat.1007527.s002){ref-type="supplementary-material"} middle image) and then documents the gradual detection of YopB clusters by the Imaris software with color coding of the detected clusters (as in [S2B Fig](#ppat.1007527.s002){ref-type="supplementary-material"} right image). It ends with a rotation in different axes of the final image containing all detected clusters and the remaining unclustered YopB spots.

(MP4)

###### 

Click here for additional data file.

###### SIM separates YopB dots from near neighboring patches of GFP-YscD.

The SIM image of the bacterial cell in [Fig 3B](#ppat.1007527.g003){ref-type="fig"} displaying YopB dots (red) and GFP-YscD patches (green) is rotated and zoomed in for a 3D display of the YopB/GFP-YscD pairs.

(MP4)

###### 

Click here for additional data file.

###### Cluster analysis.

\(M\)

###### 

Click here for additional data file.

###### KNN search.

**(A)** read_xml_file **(B)** read_xml_wrapper.

(RAR)

###### 

Click here for additional data file.
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